diffusion equation, it has been desirable to use this method in cases where depolarization arises from both discrete processes and rotational diffusion. We have derived, in a compartmental formalism, the general result for excitation and emission dipoles not necessarily coincident with any of the principal rotational axes of the fluorophore from this exchange model, and have found it to be different from that of the diffusion equation approach. We have also verified this difference with a Monte Carlo simulation of our exchange model. This derivation allows us to define the limits of validity of the 900 exchanges to model rotational diffusion. Also, for systems where movements may be jumps between a few preferred orientations, the actual physical mechanism of depolarization may not be accurately represented by continuous diffusion. The compartmental formalism developed here can be used to easily combine rotational motions with discrete position jumps or other level kinetics. While the difference between the diffusion equation and random walk of finite step size derivations has been presented for observations of different order properties for the compartmental formalism, we dis-
INTRODUCTION
The study of fluorescence depolarization is a very powerful technique in resolving dynamics of molecular systems. Information about the size and shape of a molecule, as well as its interaction with the surrounding solvent and with other molecules, can be obtained. Techniques to measure these effects have been used in both the time and frequency domains to study a wide range of systems from proteins (1) (2) (3) to liquid crystals and lipid bilayers (4, 5) . The data obtained in fluorescence depolarization experiments is highly complex, and may be further complicated by a variety of factors such as multiple fluorescence lifetimes, excited-state reactions, energy transfer, and solvent interactions. In this paper we will consider only Dr. Piston's present address is School of Applied and Engineering Physics, Cornell University, Clark Hall, Ithaca, NY 14853. Address correspondence to Dr. Gratton. fluorescence depolarization caused by rotational motions of the emitting molecule. For nonspherical molecules, the anisotropy decay will be multiexponential or nonexponential. Due to this complexity, researchers are interested in models that predict the polarization anisotropy decay for nonisotropic rotations. Here we are interested in the limits of validity of two separate theoretical derivations of fluorescence depolarization decay due to anisotropic rotations, that is, rotations of nonsymmetric molecules. For this purpose, we are limiting ourselves to derivation for unrestricted rotations where the shape of the molecule is the only factor that contributes to the depolarization. We will consider first the mathematical forms of the depolarization given by the two methods, and then we will examine the differences and similarities between them with particular emphasis on the different physical assumptions of the two approaches.
Mathematical models used to describe fluorescence anisotropy decay were based on either the diffusion equation (6) or discontinuous "jumps" between orientations, as used by G. Weber (7) . Models (9) . The results of the diffusion equation derivations were quickly verified by many researchers (10, 11) and have since been verified by Monte Carlo simulations (12) . In addition, it has been implicitly stated in some of these papers that if the nonalignment of dipoles and prinicipal diffusion axes were taken into account, Weber's method should give the same five exponential answer as the diffusion equation (10) , and the question has been raised as to the limits of validity of the discontinuous approach (13, 14) . The equivalence of jump and diffusion models has also been assumed to be true in the field of dipolar relaxation as long as detailed balance is upheld (15, 16 We also describe the procedure and results for the Monte Carlo simulation of the 900 jump model, and discuss the significance of the differences and similarities between the two models, as well as the assumptions about the physical mechanism of rotation that is used in each model. We will also pay particular attention to the case of restricted motions and to the temperature dependence of the rotational rates in each of the two approaches.
THEORY
We first briefly describe the results for rotational motion that are derived using the diffusion equation. For this, we will follow the assumptions and notation of Chaung and Eisenthal (10) . Their derivation begins with the rotational diffusion equation as given by Favro (8): af(a, t)/lt = -Hf(Q, t), (1) with the Hamiltonian given by: H=D,LV, (2) where Di is the ith component of the diagonalized diffusion tensor, and L is the quantum mechanical angular momentum operator. The function, f, in Eq. 1 may be solved by the Green's function method. This function multiplied by the probability of absorption is then integrated over the sphere of possible dipole directions for each of the parallel and perpendicular intensities; in the case of a macroscopically nonaligned sample, the original dipole distribution is uniform. The geometry of the system is defined by the projection of the unit vector of the absorption dipole along the molecular axes to be y,, yy ,y,z. We will now describe our implementation of a compartmental jump model. First, we will outline the formalism used to calculate fluorescence anisotropy using this model, and then describe the assumptions and specific equations used in the general case of an anisotropic ellipsoid with neither absorption nor emission necessarily aligned with a principal axis of the molecule. We will use the same notation described above.
The formalism for using a compartmental model to calculate fluorescence depolarization has been previously outlined (13) n n I -(t)= e-X" E P,jEij (5) i-I j-1 n n _L(t) = E e-xlt E P-LjEii (6) i
and of course the time-resolved anisotropy, r(t) = 11(t) 21T ().
As mentioned above, the initial conditions for the fluorescence intensity come from the dipole absorption law, which goes as the average of cos2 of the angle between the absorption dipole and the direction of polarization over the initial distribution of dipoles. To calculate the initial intensity, we must also include the projections of the dipole emission in both the parallel and perpendicular directions. However, because we would like to fit data with this method, we derive the boundary conditions for both colinear absorption and emission dipoles, and then include any difference between them in the P vectors. This is done because the gradient of variables contained in the boundary conditions of an eigenvalue problem are irregular, making a least-squares minimization difficult. To derive the initial conditions, we use the spherical coordinates for the angle between the vector and the z-axis, and 0 for the angle from the vector's projection on the x-y plane to the x-axis. Our experimental condition is for light arriving from the positive x-direction polarized along z. In this paper we are considering only isotropic (nonaligned) samples, so we must integrate the cos2 0 absorption over all dipole orientations with a uniform distribution of dipoles, as was done in the diffusion equation approach. For the initial intensity of the basis compartment with dipole along the z-axis this integral is, Bz = 2i d fi sinG dO cos2 * Z()2, (9) where the first term, cos2 0, is the probability of exciting a dipole with angle from the excitation polarization (in our geometry this is the z-axis), and the second term, (r z')2, gives the intensity projection of the dipole on the z-axis. For B, we use the identity rz = cos 0z, and this integral reduces to, Bz = 21r sin6 dO cos4O =4ir (10) This calculation is the same for the initial populations along the x-and y-axes by noting the two identities r = sinO sinoy and r = sinG cos4'x. The Dk. This extra factor of two causes the jump model to show faster depolarization than the diffusion model.
SIMULATION RESULTS
We have also verified our results by a Monte Carlo simulation of the 900 jump model on a Compaq Deskpro 386-20 computer. We begin with a randomly distributed ensemble of 1,000,000 identical molecules, each with one fixed absorption dipole and one fixed emission dipole. The excitation probability of each dipole is cos2O0, where 00 is the angle between the molecule's absorption dipole and the laboratory z-axis. Then each molecule is allowed to rotate about its principal axes with a probability P,i = AtRi+, where Ri, is the rate of rotation about axis i in the plus direction. Thus there are six probabilities of rotation, one in each direction for each of the three principal rotation axes of the molecule. The approximation for this conversion from rates to probabilities is valid when At is small enough so that the total probability of all rotations is < 0.25. That is, fewer than one-quarter of all molecules undergo a rotation during any one time-step. We then loop through all of the molecules and calculate the intensity projection of each emission dipole in both the parallel and perpendicular directions of the lab frame. We must multiply each of these intensities by the excitation probability for that molecule. All of the parallel intensities are summed, as are the perpendicular ones, and these summations are the III and 1, values used to calculate the anisotropy (Eq. 8) for each time step. We then loop through the time steps until the anisotropy goes to zero. These calculations agree precisely with our eigenvalue calculation of the jump model.
DISCUSSION
In this section we will address the differences between the two methods of describing fluorescence depolarization, and the physical mechanisms and assumptions behind each approach. In particular, we will consider under which conditions the difference between the two models can be best observed, and discuss the physical picture behind each model. The role and expected results of a master equation, in which a distribution of jump sizes governs the rotational motion, will be discussed. We will also examine the temperature dependence of the anisotropy decay rates and steady-state anisotropy of each approach, and comment on the application of the discon-tinuous jump model to restricted motions, particularly the motion of a residue in a protein matrix.
Can the difference in decay rates between the two models be observed?
Although our solution is not strictly applicable to process that are diffusional or processes that proceed by a series of jumps between random orientations, the difference between the aligned and the nonaligned case found in the compartmental approach is significant. As a result of our derivation, one should be able to distinguish between nonsymmetric molecular systems undergoing either diffusion or large jumps between compartments simply by observing a single anisotropy decay in contrast with the method proposed by Valiev Another question is what is the physical relationship between the jump rates in the compartmental model and the rotational diffusion constants. We know that for 900 jumps they are mathematically identical in some "degenerate" cases (7, 13 Temperature behavior of the anisotropy decay in the two models To examine the temperature characteristics of the two models, it is easiest to consider the steady-state anisotropy and use the Perrin plot, which is the inverse of the steady-state anisotropy versus temperature divided by viscosity (21) . The temperature behavior of rotational diffusion rates has been established to be linear with temperature divided by viscosity (TT/q). This is the Stokes-Einstein relationship, which comes from the assumption that the driving force of the rotational motions is the osmotic pressure of the solvent (22) . To derive the relation between the rates in a jump model, we assume the jumps to occur over a barrier of height AH. With this assumption we must start with the Kramer's relation in the high viscosity limit: D = o e-AH/RT (12) where Do = vv0p; with v0, the frequency at the bottom of the barrier (the curvature of the potential well); v, the frequency factor at the top of the barrier; and p, the molecular density. This relation is clearly not linear in T, but over the range of T/? up to 1,000 K/cP, it is indeed a linear function of T/l. This property arises from the observation (23) that over a restricted temperature range the viscosity can be expanded as: 1sE/RT (13) where mq and E are dependent upon the particular solvent. This relation is not exact but holds over the temperature range around room temperature (-300C to 300C). Typi- cal values for glycerol-water mixtures are qo = 10-9 cP and E/R = 8,000 K. Using this phenomenological expression for q, a plot of D versus T/l is linear for any reasonable value of AH (up to 50 RT). The range that can be explored experimentally is clearly within this limit. Consequently, the slope of the Perrin plot with rates described by Eqs. 12 and 13 is independent of A H and E. Instead, the slope of this line is approximately proportional only to Do, which is made up solely of viscosity independent properties. This is in agreement with the results of the Perrin equation which uses the slope of this graph to determine the value of the "density" of the rotating particles. For unrestricted motions, the temperature dependence of the two models should be identical if the viscosity of the solvent is described by Eq. 13 . For restricted motions (e.g., residues in proteins), it is not clear if Eq. 13 is still valid, and therefore, in that particular case, it may be possible to obtain information about the value of AH. Recent work by Weber has attempted to interpret data in this fashion to give insight into the local motions of residues within proteins (24) .
